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Abstract--Fast multisliced X-ray computed tomography ields unique anatomic and 
physiologic information regarding the function of the heart, lungs, and circulation within 
the negative pressure nvironment of the intact thorax. We have applied multinomial 
models to the distribution of reconstructed lung air content within the large data volumes 
{up to 4 million 16-bit voxels) generated by the Dynamic Spatial Reconstructor to aid 
in data analysis, Such modeling coupled with easily accessible user interactive computer 
graphics routines has proven useful in (1) smoothing over discrete regions of a~ifact 
in reconstructed images: (2) allowing for the streamlining of previously time intensive 
analysis tasks: and 13) providing a convenient numerical framework from which pa- 
rameters determining regional lung expansion patterns can be assessed. 
INTRODUCTION 
An important feature of lung function is the ability to match regional pulmonary perfusion 
with regional ventilation so that lung segments receiving a greater percentage of an inspired 
volume of air are the same regions receiving a greater percentage of the right heart output. 
A major stumbling block associated with the quest to understand the mechanisms re- 
sponsible for the maintenance of physiologically normal ventilation/perfusion ratios, as 
well as the mechanisms responsible for uncoupling ventilation from perfusion in pathologic 
states, has been the inability to measure both parameters simultaneously along with organ 
anatomy within the negative pressure environment of the intact thorax. 
We feel that we have gone a long way towards achieving solutions to these measurement 
problems through the use of fast multislice X-ray computed tomography. Imaging via the 
Dynamic Spatial Reconstructor (DSR)[14, 15] has been demonstrated to provide accurate 
in vivo measurements of lung geometry and regional air content. Using DSR image data. 
Hoffman et al.[1 l] have demonstrated the ability to estimate in vivo lung volume to within 
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3% of excision and water displacement values. In addition. Hoffman[9] has dern'onstrat~d 
that such volumetric omputed tomographic images can also be used to assess regional 
lung air content with an accuracy of - 7% and relative air content measurements accurate 
to within ---3%. The ability to visualize the distribution of regional lung expansion in 
conjunction with regional ung geometry has led Hoffman[9] and Hoffman and Ritman[10] 
to hypothesize that the shift of the intrathoracic position of the heart rather than changes 
in ribcage and diaphragm geometry is majorly responsible for alterations in patterns of 
regional differences in lung expansion which occur in response to changes in body posture. 
The difficulties encountered in the above mentioned studies which evaluated large data 
sets (up to 4 million 16-bit reconstructed picture elements per volume) were related to 
the tedious operator interaction required to sample individual voxel (volume picture ele- 
ment) values or individual slice averages and the difficulty with which these sampled 
values were related back to the imaged organ structure from which they were sampled. 
To overcome the lart, e analysis tasks required to utilize DSR data sets, and to smooth 
over localized reconstruction artifacts caused by beam hardening, limited angles of view, 
etc, we have applied a multinomial modeling technique to describe the spatial distribution 
of lung air content and have implemented an analysis package of basic graphics tools 
which enable the use of these multinomial models to more easily assess the effect of 
various experimental manipulations upon the distribution patterns of regional lung density. 
To date, we have concentrated on measurements of regional ung density which represent 
regional ung air content. Changes in regional ung air content represent movement of air 
to or away from the region of interest and this in turn closely approximates a measurement 
of regional ventilation. By use of injected radiopaque contrast agents, we have demon- 
strated the ability to measure relative regional blood flow to the branches of the pulmonary 
artery[8]. Changes in regional voxel density values associated with the passage of contrast 
enhanced blood through the region represented by the voxel location can be converted 
voxel by voxel to parameters describing regional blood flow such as mean transit time. 
Preliminary studies assessing the usefulness of multinomial modeling have been limited, 
to date, to the assessment of regional ung density distribution patterns. 
METHODS 
Image reconstruction 
The basic mathematical principles of image reconstruction from projections requires 
stationarity of the object to be imaged. This is due to the specification that the acquired 
projection data used for reconstruction be comprised of mathematically consistent samples 
of the same object distributed uniformly and completely over the entire reconstruction 
space. When imaging regions of the body such as the thorax, the motion of the heart, 
lungs, and circulation violate this criterion of object stationarity. This violation is over- 
come by use of a high-speed scanner which collects all the projections needed for recon- 
struction fast enough to essentially stop-action image the moving structures. 
The DSR is able to synchronously scan multiple, parallel transaxial sections in 1/100 
second repeated 60 times per second which provide the data for computing three-dimen- 
sional (3-D) volume images composed of up to 240, 0.9-ram-thick slices which in turn are 
composed of a 2-D array of 3-D picture elements, or voxels (see Fig. I). Each voxel is 
represented by a scalar (CT value). The magnitude of the scalar is related to the relative, 
average density value for the tissue represented by the specified space within the recon- 
structed volumetric image. The DSR gantry (see Fig. 2) houses 14 X-ray gun/imaging 
chain pairs. The full complement of X-ray exposes a 12-inch-long segment of a semicy- 
lindrical fluorescent screen while the gantry rotates at 15 rotations per minute. Gantry 
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Fig. I. Images or" qngle l-mm-thick sections through the thorax are obtained by digitizing the ~,~,me horizontal 
video _,,can line from each of the t4 or more angles of vie~ obtained uring DSR scanning. The computed cross- 
sectional image ~lice) is composed of a two-dimensional scalar array of numbers, each number indicating the 
X-ray density of an individual three-dimensional cubic volume picture element (voxel). Voxels serve as individual 
building blocks ~ hich when stacked ,qde by side and up and do~n (multiple parallel slices imaged simultaneously) 
provide a latent image within the memory of the computer that represents the volume scanned by DSR. (From 
[I I1. ,,~ith permis,;iop.! 
rotation alloxvs for the use of multiple, sequential 0.01 second projection image sets t 14 
projection images) to increase image resolution. As demonstrated in Fig. 3. the synchron- 
ous multislice format of DSR scanning allows for detailed image segmentation whereby 
in viro organ geometry can be assessed. 
m 
° 
Fig. 2. Artist's ,,'ie~ of the Dynamic Spatial Reconstructor. Note the gantry ~,,ith cone beam X-ray sources and 
video cameras, rotating axiaNy about the patient at one revolution/4 s. (From R. S. Schwartz and E. L. Ritman. 
Pract. Cardio/. 914), , ,4-_. ,8 (April 1983), ',,,ith permission.) 
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Fig. 3. Noninvasive numerical vivisection {male. 24 years old, supine. DSR scan with lungs held at total lung 
capacity). The upper left panel demonstrates our ability to numerically project the DSR-derived (X-ray) computed 
tomographic volumetric image back onto a 2-D surface (see Harris, SPIE 283, 106-110 (1981)L [mages on the 
right are shaded surface epresentations f the lungs, heart diaphragm, nd stomach which were extracted from 
the volume image by a region growing technique bas d on selected grey scale (CT)value ranges pecific to each 
of the three organ systems (stomach was air-filled for contrast enhancement). Each voxel vdthin these organ 
systems was given a value of 1 and all other voxels a value of0 in a new volume image. Then this new image 
was muhip[ied by the original volume image before the original image was num rically projected onto a ~-D 
surface as shown in the lower left panel. This image s similar to the left upper panel except that superposition 
of the heart, diaphragm, lungs, and stomach with the spine has been avoided by noninvasive, numerical 
vivisection. 
Correction of image to % air content 
As demonstrated in Fig. 4, we are able to correct reconstructed volume images to % 
air content  by use of regions within the image which are known to have 100% air content 
or 100% water content.  As dem3nstrated in the upper panels, an operator (via an inter- 
active video/trackbal l  device) samples the CT values of a region from within the main 
bronchi  as 100% air and a region from within the heart as 100% "water , "  Assuming a 
l inear scale between air and water, the image voxels are converted to % air content values 
by use of a l inear t ransformat ion.  A region growing technique[7], is used to segment he 
image such that voxels represent ing reconstructed air outside the body are set to zero. 
Model used to fit spatial distribution of regional un~ air content o multinomial 
Our current  mult inomial  model ing approach has been selected for the ease with which 
the relat ionship between voxel posit ion and density value can be assessed. Let f(x. y, =) 
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CALIBRATION OF VOXEL aTTENUATION COEFFICIENTS (CT) 
TO % AIR CONTENT 
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Fig. 4. Reconstructed attenuation coefficients ( " raw"  CT values of voxels) are corrected to % air content by 
sampling regions of known air or water content within the volume image (see text). (From [9], with permission. } 
represent he % air content as a function of the spatial variables x, y, z Lr. right to left: 
y, ventral to dorsal; :., foot to head). Let Z(x, v, z) be the measured % air content data." 
Then the muttinomial model can be described by 
tt tz *t 
f ix,:. ,: .) = Z Z Z .r , _ ,  
r=O v=O t=O 
(1) 
where a . ,  are coefficients, n is the order of the polynomial and p is the polynomial number 
or degree. When expanded, the first few terms of the model are 
Co 
Co + C~x + C._y + C3z 
C'~ + C]x -- C 'y  + C;z  + C+ry + Csyz 
+ C6X~,  -'- C7x  2 ,-4- Csy'- + C9~. 2
flat (n = 0, p --- I). 
l inear(n = l ,p  = 4), 
(2) 
(3~ 
quadratic (n "~ = =. ,  p 15), (4} 
where coefficients Co . . . . .  C. .  C' and C" correspond to the coefficients a,. .... 
To fit the observed regional air content data to the multinomial model, tile set of coef- 
ficients a .... must be estimated. Least squares estimation is commonly used for multiple 
regression parameters. Here we use, instead, the minimum variance estimate since it is 
" A percentage of randomly sampled data points (usuatly 25% or approximately 45,000 voxels) from the 
reconstructed tung field defined as being those voxels with an air content greater than 35% and less than 90~- 
are used to generate the multinomial. The image value range is selected to minimize the inclusion of lower valued 
reconstruction noise and eliminate major pulmonary vessels and airways. It is important o note here that this 
selection criteria assures that we are not tr,~ing to fit the multinomial to "'holes" such as the voxel locations 
representing the heart or its associated major vessels. 
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both an unbiased estimator and makes no statistical assumptions regarding the sample 
error distribution. 
The minimum variance estimate of a~;, can be computed by minimizing the cost func- 
tion, E, where 
,'V 
E = ~ [Z,(x, _v. : )  - a')(x, y, z)] ' -  
i=t  
(5)  
and where N equals the number of sample points. 
The model can be written in matrix form such that 
Z v = GC 4- W, (6) 
where Z is the measurement vector 
Lz(;,)j 
(c~,.: individual sample point) 
and 
F g(a~ )r-] 
G = /g(c~')r [ . whereg(a3  = 
Lg(o,,.)'J I gl(c~i) 1 
where g is a specified function (in this case multinomial), and C is a p × 1 coefficient 
vector, W is the error vector, N x 1. 
It can be seen that specifying the appropriate function g, the estimation method can 
also be used to compute other models including Legendre's polynomials, Fourier series, 
etc. 
Modern multiple regression techniques[2, 3, 13] rely on orthogonalizing the functions 
gl . . . . .  gp. These algorithms typically find an orthogonal matrix Q (i,e. QrQ = QQT = 
I) and an upper triangular matrix/~ such that 
(7) 
The minimum variance estimate of C is now found by minimizing 
N 
E = ~ [Z(a3 - r " gi(ai) C]', (8) 
i=1 
= (Zv-  GC)  r (Z,v - GC) (9) 
since QrQ = I, (9) can be written as 
[Q(Z ,v -  GC] r [Q(Z ,v -  GC)] 
= [QZv-  Re]  T [QZ:v -  RC]. 
(10) 
(I I) 
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Let QZ = Y, then 
E = {Y - RC] r [Y - RC]. (12) 
If R has full rank, the minimum sum of squares is obtained when 
Y = RC. (13) 
Therefore, 
C = R-1Y.  (14) 
Since R is an upper triangular matrix, it is easy to solve the equation for the coefficient 
vector, obtaining the individual coefficients for the multinomial. 
The usual statistical model associated with eqn (6) assumes that the errors W(~x) are 
independent, normally distributed random variables with zero mean and variance or-" for 
all a. This is rather unrealistic for we would expect deviations in the model to be positively 
correlated over short distances. However, assuming independence, the covariance matrix 
of C is 
coy(C) = cr2(GZrG) - I = cr2(RrR)- 1 (15) 
Thus the variance of g(~)rc, the value of the function at the point a is 
var(F(cO) = cr 2 II (Rr) - l g(cO II -~, (16) 
where II [{ indicates the norm (or the length) of a vector. With this model, F tests for 
multiple regression can be performed and used to indicate whether increasing or decreas- 
ing the order of the multinomial is appropriate ([3]). 
However,  if the number of data points N is very large, all the terms of the multinomial 
become significant and hence tests for "positive correlation" of the errors are used for 
the inclusion of additional terms instead of the F test. 
Once the multinomial has been generated, a new "predicted" volume image is gen- 
erated by identifying voxel values between 35% and 100% air content in the original image 
and replacing those values with values predicted by the multinomial. All voxels with an 
original value less than 35% are set o zero. Appendix I discusses menu-driven analysis 
and display options available to the user to analyze both original and multinomial derived 
volume images. 
Experimental model 
Data from an anesthetized (sodium pentobarbital) dog (14 kg) previously scanned supine 
and prone within the DSR was used to test our multinomial approach. Before each scan, 
the dog had been hyperventilated via an endotracheal tube such that no respiratory efforts 
occurred during scanning and airway pressure remained at 0 cm HzO. Two seconds of 
scan data were recorded for each body position and equally spaced angles of view were 
selected such that 896 projection images were used in the reconstruction process. Wei et 
al.[16] have recently demonstrated that cardiogenic motion of the lung parenchyma is at 
most 2 mm in a dog of this size so that motion artifact in the lung field is minimal for the 
purposes of this study. 
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RESULTS 
To assess the accuracy of the multinomial fit to the data, we calculated the mean lung 
air content within selected coronal slices (see Fig. 5) sampled from the original volume 
images of the supine and prone dog and compared these air content values slice for slice 
with volumes generated using a second order, 9 term and a third order, 19 term multinomial 
equation (Fig. 6). The coefficient for the first 10 multinomials are tabulated in Tables I 
N 
I Density of Lung Field 
CROSS SECTIONAL 
N Voxel$ ~ .  
Fig. 5. To sample vertically-oriented istribution of lung air content, selected coronal slices from within the 
reconstructed volume image are evaluated for mean % air content in the lung field. (From [14]. with permission.) 
(I4.5 kg Dog, Pentoborbitol Anesthesio, DSR Scon ) 
IZ ~ Supine, FRC Prone, "-e?C 
(J .- 
c 0---0 Otis,hal D 
U) 
~s V 
.,j 
• ! 
an 
I 
ok-  [ I ; 
40 50 60 70 
AIR CONTENT 
-O  
,O 
~0 60 ZO 
2,/94/E.~H 
Fig. 6. Comparison between dorsal-ventral distribution of regional lung density as determined within selected 
coronal sections (see Fig. 5) of the original data set and within volume images regenerated after fitting data to 
a second order 9 term, or third order 19 term multinomial. Possible artifactual TeNons at the ventral reNon of 
the lung apex is smoothed over by the multinomial fit. There appears to be little additional information gained 
by fitting the data to a third order versus a second order equation. By reducing the lung expansion data to a 
multinomial, a more automated objective analysis scheme can be devised to handle the large amount of data up 
to 4 million 16-bit data samples per 128 x 128 x 240 volume image generated by DSR scanning. 
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and 2 for the supine and prone postures, respectively. Also tabulated are the correlation 
coefficients associated with each term and the multiple linear correlation coefficient 
(RMUL) associated with each set of coefficients. Because of the extremely large data 
sets (44,554 and 55,105 sample points), all RMUL and correlation coefficient values were 
significant. RMULs are used here to show trends as to which positional values have the 
greatest effect upon the magnitude of the RMUL and to tabulate how positional importance 
relates to change in body posture or other experimental manipulations. 
The maximum discrepancy between the multinomial prediction versus the original re- 
constructed ata occurred at the ventral surface of the supine dog as seen in Fig. 6. The 
difference was 5 and 6% for the 19 and 9 term multinomial, respectively. This ventral 
region includes the small apical region where there appears to be a fairly consistent re- 
construction artifact[9]. The multinomial may represent a more accurate assessment of 
the air content distribution in this case, By use of the RMUL and the correlation coef- 
ficients associated with individual coefficients, it is apparent hat the major differences 
in regional lung air content in the supine posture occurs along the y axis (ventral to dorsal). 
In the prone body posture, the variability along the y axis is relatively unimportant while 
a larger proportion of the variability as reflected by multinomial fit is found along the z
body axis (foot to head). 
Selected transverse and sagittal slices from the supine and prone volume images are 
represented in Figs. 7 and 8. The upper panels of each figure represent slices sampled 
from the original air content data and the lower panels represent slices sampled from the 
multinomial derived volume images. It is again important to note here that the multinomial 
derived volume was generated by replacing all voxel values falling between 35 and 95% 
air content with the multinomial estimate and setting all other values to zero. Thus, we 
do not use the multinomial to make predications beyond the bounds of the data sampled, 
and we do not incorrectly fit the multinomial to nonpulmonary structures. 
Sagittal images (Fig. 8) are displayed with the dorsal surface to the left and diaphrag- 
matic surface towards the viewer. Air content is represented as height within the 3-D plot 
and height is accentuated by color layering. Transverse images are displayed such that 
the dorsal surface is towards the viewer and the right lung is on the viewer's left (i.e. 
slice seen foot o head). Comparisons between supine (left columns) and prone (right 
columns) data sets demonstrate a distinct ventral-dorsal gradient in fractional ung air 
content in the supine posture and no apparent gradient in the prone posture. The signif- 
icance of these displays of sagittal, transverse, or the also available coronal slices is that 
this approach allows for a rapid assessment of air content distribution. Note that the slice 
locations within the volume are pictorally represented in the upper right corner of each 
image. 
Figure 9 demonstrates plots in which the partial derivatives with respect o y (ventral- 
dorsal axis) were calulated holding x and z constant. Upper panels demonstrate the dis- 
tribution of % air content along the selected path as sampled from the original data set 
while the middle panels demonstrate the multinomial derived estimate of air content at 
the same location. Left panels represent the supine body position and right panels rep- 
resent the prone body position. The partial derivative with respect o y (at the location 
depicted in the upper right corner of each panel) is displayed in the lower panels. 
To further relate regional ung expansion to regional ung geometry, we have utilized 
a technique discussed by Heffernan and Robb[6] to color map regional function (density) 
onto the shaded surface display of the reconstructed lung. Surface display techniques are 
described elsewhere[4, 5, 7, 11]. Regional ung density within each reconstructed trans- 
verse slice is sampled by centering an 8 x 8 voxel window on each surface voxel and 
encoding the surface voxel with the average density value between 35 and 100% air content 
contained within the window. By using this selection criteria, we avoid mapping subsur- 
B 
Fig. 7. Distribution of lung air content within a transverse slice selected from reconstructed volume images of 
a supine (left panels) and prone (right panels) anesthetized dog. Upper panels are from the original volume image 
and lower panels are from volume images generated by use of the IO term polynomial. Increasing air content 
is displayed as increased height in these 3-D plots. Varying height is accentuated by color layering. The right 
lung is viewed on the left and the dorsal surface is in the lower portion of each image. Note the ventral-dorsal 
gradient in lung air content supine and lack of gradient prone. 
Fig. 8. Same as previous figure except selected sagittal images are used to compare prone and supine data sets. 
Sagittal images are viewed with the dorsal surface at the left side of the image and diaphragmatic surface at the 
lower portion of the image. Again note supine ventral-dorsal gradient in lung air content. 
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Fig. 9. Upper panels demonstrate he distribution f air content along a ventral/dorsal oriented path within a 
selected transverse slice (x and z are held constant). Middle panels show the polynomial estimate at the same 
locations in the supine (left) and prone (fight) data sets. Lower panels plot the first derivatives with respect to 
y (holding x and z constant) of the data shown in the middle panels. Location of the sampled lung region is 
demonstrated by the intersecting planes in the upper fight comer of each panel. The analysis package (see 
Appendix) allows for rapid evaluation of air content distribution within a volume. The ability to compare data 
sets using descriptive plots as hown here and in the previous two figures allows the user to cope with the large 
data sets generated by DSR imaging, and provide a framework whereby multiple data sets can be compared. 
B 
Fig. IO. The images above represent three-dimensional surface displays of in viva lungs detected via DSR scanning 
of an anesthetized dog in the supine (left column) and prone (right column) body postures. Average lung density 
(95 air content) to a depth of I cm below the surface is color-coded onto the lung surface (top row). Increasing 
air content is represented as an increasing intensity of blue. Lungs are viewed from the right such that the dorsal 
surface is at the left of the image and the diaphragmatic surface is at the bottom of the image, To better understand 
and describe the distribution of regional lung expansion, we randomly sampled 15% of the voxels (40.000-SO.000 
data points) contained in the lung field and tit their density values to a second order polynomial. Lung expansion 
at the surface estimated by the polynomial tit is shown in the lower row with increasing intensity of blue 
representing increased lung expansion (decreased density). A significant ventral-dorsal gradient in lung expansion 
is readily observed in the supine body posture (lower left panel) while the pattern of regional lung expansion 
as estimated by the polynomial tit to the prone data (lower right panel) does not appear to be oriented along 
any of the three major body axes. 
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view of the lungs of the dog in the prone posture. A similar color mapping is demonstrated 
in the lower panels which were generated using the data predicted by the 9 term multi- 
nomial. Again, each voxel value between 35 and 100% air content was replaced with the 
multinomial estimate based on voxel ocation (see Tables 1 and 2) and all voxel values 
outside this range were set to zero. We extended the selection criteria for the upper value 
from 95 to 100 so as to keep the major airways within the surface display since they serve 
as useful anatomic landmarks. However, the multinomial fit to these voxel positions (air- 
ways) are most certainly erroneous. Surface displays were generated from these new 
multinomial base volume images and surface color coding was accomplished as discussed 
above. 
Note the distinct vertical gradient apparent in the lower left image representing the 
supine body posture. Also note the lack of any major body axis related distribution f 
regional ung air content in the lower right panel representing the prone body posture. 
DISCUSSION 
The implementation of user interactive graphics software in conjunction with multi- 
nomial modeling of regional lung air content distribution has proven useful in (1) smoothing 
discrete regions of artifact in reconstructed images; (2) allowing for the streamlining of 
previously time intensive analysis tasks; and (3) providing a convenient numerical frame- 
work from which parameters determining regional lung expansion patterns can be 
assessed. 
Hoffman[9] has previously confirmed, with the DSR, the ventral/dorsal gradient in 
regional ung expansion in the supine body posture and that this gradient is absent in the 
prone posture. The multinomial model reflects these observations as is visualized in the 
lower panels of Figs. 7, 8, and 10 and the middle panel of Fig. 9. The advantage of the 
muitinomial modeling approach coupled to the analysis package described in Appendix 
I is that assessment of the air content distribution is made in a matter of hours rather than 
days or weeks, and that a framework is built to allow for rapid comparison between 
experimental manipulations. Rapid sampling of the partial derivatives as shown in the 
lower panel of Fig. 8 have proven particularly useful. Hubmayr et  a/.[12] have previously 
observed that regional differences in lung expansion are present in the prone posture, 
although these differences did not appear to be simply distributed along an easily definable 
body axis. As seen in the lower right panel of Fig. 10, there are indeed regional differences 
in lung expansion conveyed by the multinomial, and the combination of computer graphics 
with mathematical modeling offer a new approach towards clarifying the pattern of 
distribution. 
The 2-D format of conventional CT scanners, their relatively low data volumes and 
greater interest in anatomy than in function, has, to date, been largely responsible for the 
slow growth of the application of mathematical nd image analysis techniques to these 
image data. Much of the work so far has concentrated on providing "better" CT images 
rather than on the modeling and analysis of such images. 
New generation CT scanners uch as the DSR and the lmatron scanner[i] are designed 
to collect multiple projections in a short interval of time. The Imatron scanner (cardiac 
CT-100) is designed to provide up to eight 0.8-cm-thick slices of the heart region of the 
thorax within a total scan time of 0.25 sec. The increased availability of 3-D images with 
the advent of new generation CT and MR1 scanners, in addition to the current DSR image 
data, provides an incentive to analyze and exploit the 3-D nature of these images. 
CONCLUSION 
We have developed an integrated set of algorithms which combine the output of a 
multinomial model with interactive computer graphics techniques for the analysis of 3-D 
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com'guted  t0mograph ic  images .  We have  demonst ra ted  the use o f  such a scheme generated  
on the ana lys is  o f  reg iona l  lung dens i ty  data  and an extens ion  to images  fo l lowing  cont ras t  
enhancement  o f  the pu lmonary  b lood  vo lume is under  invest igat ion .  P re l im inary  resu l ts  
are encourag ing .  S imi la r  data  ana lys is  app l ied  to commerc ia l l y  ava i lab le  scanners  cou ld  
prove  usefu l  in assessment  of  pu lmonary  d i seases  assoc ia ted  with a l tered d is t r ibut ion  
pat terns  o f  f rac t iona l  ung air content  such as in emphysema,  f ibros is ,  pu lmonary  edema.  
lobar  o r  viral  pneumonia ,  etc.  
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APPENDIX  I 
Menu of  the Analysis Program 
Figure A-1 shows the menu for the analysis program. Items in the menu are chosen with the 
aid of joyst ick driven cross hairs (seen in blue) on a Jupiter 7 display terminal. The inputs needed 
for the program are specified by the directory and data file names for the image volume in the data 
base and by the name of the file which stores the computed coefficients of the multinomial. The 
image selected can either be the original reconstructed air content corrected volume or the mul- 
tinomial derived volume. 
The program has set default values for scaling the display outputs. The user can change the max 
and rain values by selecting the appropriate items in the menu. Most of the analysis plots in the 
package require the user to choose the different variables x. y. and z (x = right to left; y = ventral 
to dorsal: = = foot to head axis). This is done in row 7 of the menu. The first three rows of the 
menu provide a means for studying the multinomial computed function with respect to the spatial 
variables .v. y, and ;. The position of the selected plane or line segment is displayed in a 3-D graphics 
format along with the selected plot as demonstrated in Figs. 7-9. 
The variations of the function f tthe computed model) with respect to different spatial variables 
t.\‘. V . ;) are displayed by differentiating the function. The top row in the menu specifies the variations 
of f vvith respect to one of the spatial variablss holding the other two constant: for example, ;f.f 
d.r j _v = const. ; = const. <tc. 
The second rovv provides selection for plottin g the second derivative of f with respect to two 
spatial variables for a given value of the third spatial variable: for example. 
a‘j 
- etc. 
ax a_v : 
The next row plots the variations of rate change of j with respect to one variable against the 
other two variables: for example. plot of af!J.r vs. x and :. 
In the fourth row, % air content as a function of one variable is plotted for fixed values of the 
other two variables. Three-dimensional plots of % air content as a function of two spatial variables 
for specified values of the third variable can be selected in the next rove. For selections in rows 1 
and 5. plots corresponding to original 5 air content data or multinomial derived data can be obtained 
by appropriately specifying the data and directory file names in the image data base. 
Selection of “double plot” in row 6 provides a means for displaying two scaled dovvn plots 
adjacent to each other to facilitate comparisons. Three-dimensional plots (rows 3 and 5) can be 
depicted as a wire mesh or as stacked color coded planes or both by enabling or disabling the 
options in row 8. Selected plots can be stored or retrieved by the options in rovv 9 without delays 
caused by recalculations. Finally. scaling of the graphics output can be set to default in which case 
data masima and minima are used or else maximum. minimum. and labeling increments can be 
selected in row IO. 
